Abstract: Obesity is a disease of multiple origins and results from the interaction between the genetic predisposition of a person and environmental factors, including food preferences. Even though the literature is not always consistent, there is strong support for the notion that the obese do not just consume more calories, but also prefer calorifically dense foods. In this review, the evidence for differences in the consummatory reward of taste, and in particular sweet and fat taste, will be examined in the context of food preferences in obesity.
INTRODUCTION
Obesity is considered the disease of the 21 st century and its prevalence has increased dramatically in the last three decades globally in developing countries as well as the developed world, from urban to rural areas for both adults and children. Over 400 million people are presently diagnosed as obese, having a body mass index (BMI) 30 kg/m 2 and almost 1.6 billion are overweight (BMI 25-29.9 kg/m ) [1] . This increasing prevalence of obesity has already raised and will continue to worsen the rates of diabetes, hypertension, heart disease, osteoarthritis, cancer, and other chronic diseases. What these data lack to state, is the fact that every person, not just the obese, is affected by this epidemic [2] . It has increased health care costs, affecting the health care industry as well as other economic sectors that have no direct relationship to health care [3] .
Obesity is a disease of multiple origins and results from the interaction between the genetic predisposition of a person and environmental factors, including diet pattern. Many studies have evaluated the relative contributions of genetics and environment to the aetiology of obesity. BMI variability amongst humans can be explained by 30 to 40% due to genetics and 60 to 70% due to the environment according to some studies. Stunkard, for example, found that the genotype of some people who are genetically prone to develop obesity may be expressed only under certain adverse *Address corresponding to this author at the Imperial Weight Centre, Fulham Palace Road, London W6 8RF, UK; Tel: 00447958377674; Fax: 00442033130673; E-mail: a.miras@nhs.net environmental conditions, such as exposure and consumption of high-fat diets and a sedentary lifestyle [4] . Childhood risk factors for obesity also include social factors, parental obesity, high birth weight, earlier onset of maturity and behavioural or psychological factors amongst others [5] . The mechanisms preventing an obese person from losing weight and maintaining weight loss have only been partially elucidated [6] .
DETERMINANTS OF FOOD PREFERENCES
Social, cultural and genetic factors contribute to the development, preservation and alteration of dietary patterns and food preferences, taste, and food choices [7, 8] . Interpersonal similarities such as in a family and group do influence eating behavior and exert direct or indirect social influences (e.g. beliefs, cooking traditions, food rules which a family may teach their children).
Taste and other sensory properties of foods (e.g. smell and texture) are partly responsible for the selection of one food over another. Hedonic value is the result of the relation between the reward value of a food and the immediate psychological and physiologic status of a subject [9, 10] . The hedonic reward value of food is strongly linked to the perception of taste, which may be a driving force behind food consumption [11] . Food likes and dislikes are influenced by physiological factors, similar to those that determine hunger and satiety but also biological learning. The liking of food is also acquired after experiencing positive post-ingestive effects of intake. The "conditioned taste aversion" refers to the acquisition of a strong negative response after the intake of a specific food has been followed by a digestive side effect. These sensory cues can affect food choices from birth to old age [12] . The dissimilarity in taste papillae density and the genetic differences on taste receptors that may affect the taste sensitivity and salivation do contribute to a person's taste acuity and perhaps food preferences [13] .
THE TASTE SYSTEM
The taste receptors that are located in the mouth and small intestine are responsible for originating "taste signals" [14] . Once in the mouth, the food ingredients act together with the receptors on taste cells positioned on the taste buds in the tongue to provide information regarding their identity, concentration and pleasant or unpleasant features. The signals prepare the gastrointestinal system to accept the food by the processes of salivation and swallowing or to refuse it by gagging and regurgitation if the substance is harmful or toxic [15] . The taste receptor cells react specifically to the different taste modalities [16] ; sweet, salt, bitter, sour and umami (glutamate). The recognition of fat taste is controversial, but there is growing evidence that fat stimuli can be detected by the gustatory system [17] .
The primary taste cortex, including the frontal operculum and anterior insula receive the first signals, with their neurons reacting to taste modalities without encoding taste reward. The secondary taste cortex that includes the orbitofrontal cortex (OFC) and the amygdala are responsible for encoding the reward value of taste. Additional signals from the OFC reach the hypothalamus, the homeostatic control of feeding, to trigger autonomic and hormonal responses, including the release of insulin [13] .
The complex network of taste can be better understood if broken down in three domains [18] :
The sensory domain: this encompasses the detection function of the taste system, (i.e. is this food sweet and if so how sweet is it?)
2. The reward domain: this incorporates the appetitive (how much effort am I willing to exert to obtain this sweet taste?) and the consummatory sub-domains (how rewarding is this sweet taste?)
3.
The physiological domain: this describes the physiological processes that take place when a tastant is in the oral cavity (i.e. sweet taste causing salivation or a cephalic insulin response).
Even though the literature is not always consistent, there is strong support for the notion that the obese do not just consume more calories, but also prefer calorifically dense foods [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In this review, the evidence for differences in the consummatory reward of taste, and in particular sweet and fat taste, will be examined in the context of food preferences in obesity.
OBESITY AND THE CONSUMMATORY REWARD OF SWEET AND FAT TASTE Sweet
In 1973 Underwood tested 18 obese and 11 lean adults by randomly administering 10-400 g of sucrose/l before and 1 hour after a 50 g glucose load [30] . There was no change in the pleasantness ratings in the obese group whereas the change was significant in the lean group which found the sucrose solutions aversive. Unexpectedly the majority of participants rated the sucrose solution unpleasant even before the glucose load. The results of this small trial supported Cabanac's theory of decreased sensitivity to internal signals in obesity.
Rodin performed a series of experiments on taste responsiveness [31] . In the first one she recruited 53 female participants and divided them into 4 groups: normal weight, low overweight, overweight and obese. They were randomly presented with 6 ascending concentrations of glucose (0.125-3M) in 4 trials using the sip and spit technique. In two of the trials, the participants rated the pleasantness using a 9 point scale. The test was performed mid-afternoon 3 hours after a 500 Kcal lunch. Participants were tested at baseline and in the last week of an 8 week weight reduction programme of daily exercise and caloric restriction. Normal weight group found high sucrose concentrations (>1 M) less pleasant compared to the overweight groups. This is in contrast to other studies which showed no differences in valence ratings between overweight and normal weight subjects [32, 33] and may be a reflection of the different tastants used, ranging from sucrose flavoured water to chocolate milkshakes [32, 34] . Following weight loss pleasantness ratings did not change in any of the groups.
In the second she recruited 11 obese females and tested them before and 6 months after jejunoileal bypass (JIB) surgery for obesity. Subjects were again asked to rate the pleasantness of ascending concentrations of glucose, salt, citric acid and quinine representing the 4 modalities of taste. Intensity ratings for glucose did not change after surgery. Pleasantness ratings were variable pre operatively with no consistent pattern whereas after surgery pleasantness ratings were consistently high for most concentrations of sweet apart from the 3M one which was lower. The post op curve resembled the response of normal weight individuals from similar experiments. The responses for the other taste modalities did not change. The authors did not explain why the results of the pre-JIB group were not consistent yet go ahead and try and interpret the post op results in which the same methodology was used and concluded that the reduced preference of high glucose solutions may be only partially explained by the "dumping" phenomenon and conditioned taste aversion but also probably by other "peripheral mechanisms". Opposite to the views of Nisbett and Schachter, who consider taste as an external cue, Rodin supports Cabanac's views and suggests that interpretation of taste is influenced by internal changes including hunger, reduced fat mass or surgical interventions for example.
In the last experiment 30 overweight and 30 obese patients from experiment 1 were compared to 6 normal weight controls before and after the same weight loss programme. They were asked to rate the pleasantness of a chocolate milkshake's sweet taste, thickness and creaminess before or 45 minutes after a 500 Kcal preload of sandwich, fruit and milk. Before weight loss there were no differences in ratings before or after the preload amongst the groups. After weight loss the pleasantness ratings before a preload were identical to the ratings before weight loss, but the rating after the preload were higher in all groups to those made before weight loss. These results support the notion that in the deprived state internal signals to short term changes (preload) are ignored and the subject rates sweet food as highly pleasant. The degree of obesity did not alter these responses, suggesting that any decrease of adiposity away from the set point has similar results on increasing the pleasantness of sweet taste. The most helpful point this experiment makes is that in the deprived state, feeding increases the affective attributes of sweet taste. Interestingly, these attributes do not differ between lean and obese participants. The study does actually support Nisbett's concept of sweet taste becoming more rewarding after adipose tissue losses, the only difference being that this applies to any weight category, lean or obese [35] .
Frijters [36] studied 13 overweight females and compared them to 12 normal weight subjects in terms of sweet taste detection, intensity, pleasantness and preference. Using the constant stimuli and sip and spit methods, 18 sweet stimuli made of sugar diluted in distilled water and ranging from 0.0006 to 0.02 M, were presented randomly in one session. The pleasantness of the 18 solutions was determined on a different session in which subjects rated them on a 170 mm scale with the anchor "ideal" in the middle, "not liked as not sweet enough" on the left and "not liked as too sweet" on the right. The curves obtained from these ratings and the maximal sweetness preference did not change between the groups even thought there was a trend for overweight subjects to rate every solution as more pleasant compared to the normal weight subjects and the maximally pleasant sweet concentration was higher in the obese group compared to the normal weight group (0.1912 vs. 0.1542 M). Possible confounders include the recruitment of overweight but not obese patients and the use of sugar solutions in water at room temperatures which does not relate to everyday food items.
A similar "just about right" (JAR) scale was successfully used by Conner and Booth in 1988 [37] and shown to correlate strongly with sweet food consumption in 344 young volunteers with only very few of them in the overweight or obese weight range. Lime drinks were presented in one setting in room temperature and mixed with sugar to make six 20 ml sweet concentrations. Each subject was presented with only 3 samples. After tasting the subjects pointed to a scale made of boxes which were numbered from 1 to 9: Box 1 was assigned the label "so little sweetness I'd never choose to drink it", Box 5 "Sweetness just right for me" and Box 9 "so much sweetness that I'd never chose to drink it" and the responses were shown to be linear with a positive slope against the log sugar concentration. The mean ideal point was 0.12 M (similar to the concentration of cola). The ideal point correlated positively with the amount of sugar they added to hot drinks and preference for sweet foods as obtained from food choices questionnaires. Additionally men were found to have a higher preference for sweets compared to women and BMI did not correlate with these preferences. The large sample size and the use of a lime drink which is closer to a real life beverage was an advantage of the study, although the investigators were not blinded to the testing solutions as they chose the stimuli used to obtain the best fit to the linear plot for each subject.
Sweet Intensity and Consummatory Reward Using the General Labelled Magnitude Scale
Linda Bartoshuk reviewed the above literature and improved the ways scaling experiments are performed [38] . Firstly, she has shown that taste detection thresholds do not predict food preferences and for the comparison of obese with normal weight subjects suprathreshold concentrations should be used [39, 40] . Secondly, both visual analogue scales and nine point category magnitude scales for intensity and hedonic characteristics of food or taste assume wrongly that the labels used denote the same experience amongst different subjects. A good example is that of pain; the "most intense pain ever experienced" label on such a scale is very different to women who have experienced the pain of childbirth compared to men who never have. Guiding analgesia treatment based on such a scale would result in lower medication doses being given to women.
The solution proposed was the use of the general labelled magnitude scale (gLMS) in which the labels include phrases like "strongest sensation ever experienced". This way the modality tested is not mentioned in the scale and the subject is allowed to rate it based on comparison with their own strongest sensation ever experienced (i.e. pain, brightness, loudness), which can now act as a standard for intensity. The gLMS can therefore be used to compare intensity of taste in a valid manner between nontasters, medium tasters and super tasters. The spacing of the labels on the scale is such that for example a rating of 70 mm in a 200 mm scale denotes intensity double from a rating of 35 mm. This methodology has been used for the development of hedonic scales using the anchors "strongest imaginable disliking/liking" on either side of a 200 mm scale with "neutral in the middle". The application of these concepts showed that intensity of sweet decreases with increasing BMI. Using the hedonic form of the gLMS, Bartoshuk also showed that the "liking" for sweet taste increased as a function of BMI. Her results are in line with those of Moskowitz [41] who by plotting liking against perceived sweetness showed that for the same perceived sweetness, hedonic liking goes up as BMI increases.
Fat
Further investigations on fat reward have been conflicting in their results, similar to the sugar story. Pangborn studied 186 women who were underweight, normal weight or overweight using different concentrations of fat in milk [42] . Hedonic ratings did not differ between the three groups. Discrimination between different fat concentrations proved to be very poor. In terms of food diaries, the frequency of consumption of food high in fat was higher in the overweight when compared to the underweight group only. The most reproducible results came from a behavioural task in which participants were asked to mix different milk types to a mix of their liking. Subjects who consumed higher amounts of fat in their food diaries also mixed to higher concentrations of fat in milk during the task compared to those consuming less fat from their food diaries [42] .
Mela studied 30 women with food diaries and pleasantness ratings after consumption of fat products [43] . He found wide variations between individuals in their most preferred fat level and no correlation of these preferences with the stimuli used. However, a positive correlation between overall fat preference and percent body fat was found, albeit it's small magnitude. This finding is questionable considering the presence of high variability in this experiment.
Fat and sweet
In an attempt to explain the discrepant results of previous investigators (obese finding sweet taste more pleasant [31, 34, 44, 45] and no changes in sweet taste in reward in obesity [30, 32, 40, [45] [46] [47] [48] [49] , Drewnonski [50] suggested that the differences were due to the nature of the different stimuli used and that it is the combination of sweet with fat taste as experienced in everyday life that should be the subject of further investigation. Indeed he recruited 12 female obese, 8 reduced obese (following a minimum of 13.6 kg weight loss through a low calorie diet) and 15 normal weight subjects. Buttock fat biopsies were taken and adipose cell size and lipoprotein lipase (LL) activity were measured. Participants were presented with 20 chilled fat and sugar samples containing a mixture of 5 ascending concentrations of fat and 4 ascending concentrations of sugar and made up to 10 mls. Subjects rated the pleasantness of sweet, fat and creamy in 9 point category scales. The stimuli were presented after a balanced meal and a 6-12 hour fast. In order to quantify the hedonic responses the authors used the Response Surface Method, a model which assumes that reward responses are a function of sweet and fat and created a 3 dimensional surface from interpolating data from the 20 stimuli used. In the normal weight group ratings increased up to a maximum sweetness of 10% sucrose followed by a drop and the same pattern is seen for fat up to 20% lipid followed by a drop. The predicted maximum pleasantness rating for this group was 7.7% sweet and 20.7% fat.
Obese patients "liked" highly sweet and fatty solutions but "disliked" equally sweet solutions in a low fat mixture. For the same concentration of fat, the sweeter the solution the lower the pleasantness, results similar to those obtained by Underwood [30] . Maximum pleasantness ratings were obtained for the combination of 34.4% fat and 4.4% sweet. Finally subjects after weight loss reported a paradoxical reduction in pleasantness along all fat concentrations at low sweetness but a heightened pleasure from higher concentrations of sweetness at low fattiness. The maximum pleasantness rating was estimated at 35.1% fat, i.e. similar to the obese group and at 10.1% sweet, significantly higher than the obese group. This suggests that weight loss leads to increased valence of sweet when this is combined with fat. There were no correlations between optimal sweet/fat ratios and LL activity per adipose cell. This study combined ingredients, making them more applicable to everyday food experiences and acknowledging the effect fat texture can have on tasting, but did lack information on age, weight loss, average ratings in the fed and fasted state and a description of the meal provided.
Pima Indians who have a high risk for developing obesity, rated solutions of milk containing different concentrations of fat and sugar in a study conducted by Salbe and showed their hedonic responses were significantly lower than the white control population which was at lower risk for obesity [51] .
DISCUSSION AND CONCLUSIONS
The majority of the published studies have used scaling methodology to assess consummatory reward. Scales are useful as they are easy to explain, use and are quick to interpret. However the limitations include the participant's own interpretation of their sensation and are thus subject to variation based on individual differences in prior sensory experience. The subjective interpretation of internal processes may lead to false reporting [52] , which may be more of an issue in the context of obesity which still carries significant social stigma. The result may be large coefficient of variability, especially in between-group comparisons [53] , leading to the discrepant results.
The solution to this problem may be the use of behavioural tasks, which may be more objective when studying human feeding behaviour. Facial reactivity is "the involuntary, minute movements of the face in response to a stimulus" [54] . These can be studied to enable an impression of the emotional state of an individual as a consequence of the applied stimulus. Taste reactivity studies using facial expression which looked at infants, apes, new world monkeys and rats concluded that there were two major reaction patterns seen. The positive, hedonic reaction -typically to sweet taste -was characterised by lip smacking, tongue protrusion and even a smile, while the negative (aversive) reaction to bitter taste involved grimacing, retracting of the lips, wrinkling of the nose and retraction of the head away from the food source. Other tastes, such as salt or sour, were found to produce responses with intermediate reactions between these two [55] [56] [57] [58] [59] .
The use of taste reactivity to study the consummatory reward function of taste in human adults has been less well investigated. Previous work have shown that adults do demonstrate facial reactivity, with some promising results [56, 58, 60, 61] though it was considered that they may not be as accurate as a consequence of socialisation and voluntary or higher control [58, 62] . Taste reactivity has not been used for the study of consummatory reward in obese adults as yet.
The major limitation to the use of facial reactivity is the difficulty in interpretation of these often small and subtle movements [58] . A few studies have used Facial Action Coding System (FACS) with trained interpreters [63] . However, recently new face recognition software packages have been developed that enable the more objective assessment of facial reactivity and the duration of the facial reaction, providing a better overall feedback on the emotional state of the subject (e.g. FaceReader™). This technology is promising and could be further improved in terms of specificity, sensitivity and adapted to cultural and social facial reactivity differences.
Functional neuroimaging, using positron emission tomography or functional magnetic resonance imaging (fMRI), is increasingly used to indirectly assess brain reward area activation to taste stimuli. Only a few studies have been performed in obesity and they suggest that the obese show differential reward centre activation compared to normal weight participants [64, 65] . Such novel techniques could compliment behavioural tasks and allow the in depth interrogation of the neural mechanisms contributing to obesity and resisting weight loss.
In conclusion, a number of studies have attempted to answer the question of whether the obese have different reward responses to fat and sweet taste and whether this is the result or cause of their obesity. There are significant discrepancies in the results of these studies, suggesting firstly that obesity is not a homogeneous condition and that traditional methodologies may introduce further unwanted variation in the investigation of taste reward. Our research methods will need to be improved and complimented by multimodal techniques in order to allow us to understand and treat this complex condition more effectively.
